'magnetosome island', which is essential for the synthesis of magnetosomes (8) (9) (10) (11) .
These proteins are thought to function in magnetite biomineralization, magnetic sensing, formation of the magnetosome vesicle, and in the construction of magnetosomal structures.
Insights into the magnetosome structure were provided using transmission electron microscopic (TEM) techniques such as negative staining, freeze-etching, and cryo-electron microscopy (12) (13) (14) (15) (16) (17) . These studies demonstrated that magnetosomes are highly ordered structures. Magnetosomes comprise a chain of regular-sized bio-mineralized magnetite crystals, each of which is surrounded by a lipid bilayer membrane and organic components. Also, individual magnetosome particles are connected by interparticle structures. Furthermore, most magnetosomes are arranged intimately along novel cytoskeletal filaments as visualized by cryo-electron tomography (14, 15, (18) (19) (20) . structure of biologic specimens. Cryo-electron microscopy does not have these disadvantages, and allows visualization of cellular structures in a near-native, frozen hydrated states. Using this method, 3-4 nm resolution has been achieved for putative cytoskeletal filaments in magnetotactic bacteria (14) . However, in most of the precedent studies, extraction of fine geometries is prevented for low electron density materials in a crowded environment, such as membrane-embedded proteins surrounded by lipid molecules. This is probably because of the low electron dose that must be used with frozen hydrated materials, which results in a low signal-to-noise ratio of the projection images (21) . As a complementary technique, atomic force microscopy (AFM) has been used to visualize organic samples ranging from single molecules to living cells under physiologic conditions (22) (23) (24) . In the AFM, the surface profile of the sample is imaged by detecting the interaction between the sample and the AFM stylus during the raster scanning of the sample. With this imaging technique, biologic molecules can be visualized with a high signal-to-noise ratio. Remarkably, AFM allows for molecular resolution imaging of organelles such as bacterial photosynthetic membranes (25) and disk membranes (26) . These AFM studies elucidated the organization of networks of constituent molecules in the native membranes, which has been difficult using other methods.
Of particular importance is the identification of the proteinaceous supramolecular structure of the magnetosome. Due to its ability to visualize biologic specimens in their near-native conditions with a high signal-to-noise ratio, AFM can be feasibly used to visualize the constitutions of submicron-sized bacterial organelles at molecular resolution. Here, we applied AFM to investigate the spatial configuration of Structure of the purified magnetosome. In the present study, hydrophilic bare mica and hydrophobilized mica were served as substrates for AFM observations. These surfaces have different affinities for the magnetosomes and magnetosome-associated proteins, as described below. Thus, we used both substrates depending on the object of interest. Although magnetosomes were observed on both substrates, magnetosomes were more efficiently attached to the hydrophobilized mica surface than the bare mica surface. Figure 1A shows an AFM image of the purified magnetosomes adsorbed on the hydrophobilized mica. The chain-like structure of magnetosomes observed by AFM was consistent with that observed by TEM (16) . To estimate the organic layer surrounding the magnetite crystals, the height of the magnetosomes and the size of the magnetite crystals were measured vertically along the magnetosome chains using AFM and TEM, respectively. The height of each magnetosome particle was 60.8 ± 7.1 nm (n=404), whereas the crystal size of the magnetite was 46.9 ± 6.9 nm (n=298) in diameter. This finding indicated that the individual magnetite crystal is surrounded with ~7 nm of an electron permeable layer composed of organic components.
Regular-sized globular particles were found to be dispersed on the bare mica (Fig.   1B ), while these particles were not observed around magnetosomes on the hydrophobilized mica. Removal of the particles could not be achieved by further purification of the magnetosomes. Moreover, the particles were not observed around the magnetosomes when the magnetosomes were chemically cross-linked with glutaraldehyde before deposition onto the bare mica. These results strongly suggest that by AFM was a sheet-like structure in the proximity of the magnetosomes (asterisk in Fig. 1B ). This sheet-like structure was observed on both bare mica and hydrophobilized mica. The thickness of the sheet-like structures was approximately 3 nm.
The surface of the magnetosome was closely examined by simultaneously obtaining topographic and phase images (Fig. 1CD ). In the topographic image, detailed surface structures were difficult to visualize. In contrast, a clear contrast was obtained in the phase image. The phase image showed texture with granular and wrinkled lines on the magnetosome vesicle. The phase contrast of AFM is strongly relevant to several surface properties such as viscoelasticity, elasticity and surface adhesion energy (27) . The phase imaging mode allows one to visualize compositional variation, even for the sample that the fine structures are difficult to visualize in the topographic images. Therefore, the phase contrast shown in Fig. 1D should represent heterogeneity in the sample, and suggests that the outermost layer of magnetosomes is formed by an amorphous layer of magnetosome-associated proteins.
Identification of globular particles observed on bare mica. To understand the origination of the small particles ( Fig. 1B and 2A) , we treated magnetosomes with alkaline buffer. As reported previously, magnetosomal protein MamA (Mam22) and cytochrome cd 1 are efficiently solubilized from magnetosomes by alkaline buffer (13) .
When the alkaline-treated magnetosomes were loaded onto the bare mica, the small particles were not observed (Fig. 2B) , whereas a number of particles were observed on the bare mica when the spent alkaline solution was used as a sample (Fig. 2C) . In contrast, the sheet-like structures were not removed by the alkaline-treatment (Fig. S1 ). Before the alkaline treatment, the height distribution of the particles showed two clear peaks on the histogram (Fig. 2E) . Most of the particles were ~3 nm in height, and 6 to 8-nm particles were also detected. The mean height of the particles solubilized from magnetosomes ( Fig. 2F ) was in good agreement with the major distribution of the particles observed before the alkaline treatment.
To identify the small particles, proteins attached to the bare mica were analyzed. A 24-kDa protein band was detected by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of samples extracted from the mica ( In addition to structural imaging, the AFM stylus can be used as a manipulator to dissect individual biologic samples (29, 30) . Figure 3 and the supplemental movie show high-speed AFM images of the dissection process of the magnetosomes observed on the bare mica. While the magnetosomes were being imaged, additional tapping force was applied (20 -33 frames). The magnetosomes were removed by the scanning stylus.
Consequently, sheet-like structures appeared at the initial position of the magnetosome (Fig. 3, asterisks) . The appearance and thickness (3 nm) of these sheets were consistent with those of the sheets observed in the proximity of magnetosomes (Fig. 1B) . These sheets seem to be lipid bilayers, based on their featureless surface structure and thickness that is comparable to the typical value of lipid membranes (3-4 nm) measured by X-ray scattering (31) and AFM (26) . Together with the sheet-like structures, additional small particles, which were 3 nm in height, were observed around the magnetosomes after the dissection (Fig. 3, arrowheads) . These findings indicated that magnetosomes contain heterogeneous structures that should comprise the organic layer. For the isolation of MamA-associated proteins, the recombinant N-terminal his-tagged MamA MS-1 (His-MamA) was chemically conjugated with the resin to prepare MamA-affinity column. We subjected solubilized magnetosome-associated proteins from M. magnetotacticum MS-1 to the MamA-affinity column. MamA affinity column chromatography showed that one major-protein band (23.6 kDa) and four-minor protein bands (26.8 kDa, 31.6 kDa, 54.0 kDa and 63.5 kDa) were eluted (Fig. 4A) . The 23.6-kDa protein was identified to be MamA MS-1 by immunoblotting (Fig. S2) . We examined the oligomerization status of the recombinant MamA. Purified His-MamA was separated by gel filtration into a single peak, which was estimated to be 560 kDa (Fig. S3) . To further analyze the oligomeric status of His-MamA, we examined the peak fractions of the gel filtration by AFM. On the bare mica, we observed small particles (~3 nm in height), similar to that shown in Fig. 2A , instead of a large complex ( Localization of MamA protein complexes in the magnetosomes. Immuno-labeling was performed to identify the location of MamA AMB-1 in the magnetosomes using AFM. Figure 5A shows an AFM image of the magnetosomes labeled with anti-MamA antibodies. After labeling, antibodies bound densely to magnetosomes. By contrast, pre-immune serum, which has no significant affinity for MamA, had no effect on the appearance of the magnetosomes ( A previous study has indicated that the recombinant His-MamA can attach to the MamA-eliminated magnetosomes prepared by the alkaline treatment (13) . To elucidate the location of reconstructed His-MamA in the magnetosomes, immuno-labeling was performed for both alkaline-treated and MamA-reconstructed magnetosomes. The anti-MamA antibody failed to bind to the alkaline-treated magnetosomes (Fig. 5E ). This shows the depletion of MamA AMB-1 from the magnetosomes by the treatment. After the reconstruction of the His-MamA to the alkaline-treated magnetosomes, antibodies densely bound to magnetosomes (Fig. 5F ). The appearance of the immuno-labeled
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His-MamA-reconstructed magnetosomes was very similar to that of the untreated magnetosomes. This result suggests that the endogenous MamA AMB-1 and the recombinant His-MamA share the binding site on the magnetosomes.
Effect of MamA elimination on the chain structure. To examine the effect of MamA elimination on the chain structure of magnetosomes, spacing between magnetosome particles was compared between the intact magnetosomes and MamA-eliminated magnetosomes prepared by alkaline treatment (Fig. 6A) . The averaged center-to-center distance between the adjacent particles in the intact magnetosomes (59.4 ± 6.2 nm (Fig. 6B) . When the His-MamA was rebound to the alkaline-treated magnetosomes, the spacing between the magnetosome particles decreased (58.5 ± 5.8 nm [n=172]) to the value consistent with that of the untreated magnetosomes (Fig. 6A) .
The interparticle spacings of the untreated magnetosomes and the MamA reconstructed magnetosomes showed no significant difference (P=0.35: estimated using F test). These results indicate that MamA have an effect on the distance between magnetosomes. The aim of the present study is characterization of the structures and compositional organization of magnetosomes in an aqueous environment using AFM. The spatial localization, supramolecular organization, and functions of the individual components within the magnetosome must be determined to understand how this bacterial organelle functions as a magnetic compass. To date, AFM visualization of prokaryotic intra-membrane structures at a spatial resolution close to one nm has been achieved for flat membranes such as purple membrane (36) , chromatophore (25, 37) and outer membrane (38). It remains challenging, however, to obtain high-resolution images for a whole organelle that contains various molecular species and has a complex three-dimensional structure. Here, we visualized the near-native hemispherical configuration of the isolated magnetosomes (Fig. 1) . In the phase image, we were able to discern the surface structure at a lateral resolution of 4 to 8 nm, which should represent the molecular organization at the surface of the magnetosomes. Although this resolution is insufficient to determine the precise molecular organization, the lateral resolution obtained in this study is the best achieved so far for magnetosomal membrane in buffer condition.
The AFM showed that the magnetosome was ~61 nm in height. On the other hand, the crystal size of the magnetite was ~47 nm in diameter. Therefore, the thickness of the electron permeable organic layer was calculated to be 7 nm. Although magnetite crystal is enveloped by a lipid membrane, the thickness of the organic layer is significantly larger than single bilayer membrane. This means that the magnetic particle is surrounded by other organic components that may be composed of The previous TEM observation has revealed also a fibrous texture that connects the flanking magnetosome particles (13) . In the present AFM study, however, this structure was not observed in the magnetosome chains because of the difficulty of AFM to precisely trace deep features. To profile surface morphologies in narrow spaces, the AFM stylus must have both a high aspect ratio and a small apex radius. Otherwise, the apex of the AFM stylus cannot access the fine structures at the bottom of the trough.
Although our AFM styli were sufficiently sharp to visualize the structure of the magnetosomes, an extremely high aspect ratio will be needed to define the interparticle connection.
As shown in Figure 4CD , we were able to visualize His-MamA oligomers on the AP-mica, whereas small particles of 3 nm in height instead of large complexes were observed on the bare mica (Fig. S4) . This may be due to differences in the interaction between the proteins and substrates. In addition to the particles of 3 nm in height, the particles of 6 to 8 nm in height were also observed on the bare mica (Fig. 2E) . These 6 to 8 nm particles are attributed to partially deoligomerized MamA complex, because they were not observed around the magnetosomes from mamA mutant (Fig. 2G) .
Moreover, these particles were not observed when the magnetosome was chemically fixed before depositing onto the bare mica. Therefore, the MamA proteins easily The TPR protein MamA most probably functions as a receptor that interacts with a partner protein in the magnetosome. Our results showed that MamA interacts with MamA itself to form oligomer (Fig. 4) , and binds to the surface of magnetosomes (Fig.   5 ). In addition, MamA further interacts with unidentified proteins that were extracted from the magnetosomes (Fig. 4A) . These results suggest that MamA oligomers are MamA is part of the magnetosome assembly and maintenance processes such as protein sorting or activation of the magnetosome vesicles in response to external signals (28) . In this study, we presented that MamA is located at the outermost layer of magnetosomes.
With this spatial configuration of MamA in the magnetosomes, it is possible that MamA act as a scaffold that links between the magnetosome vesicles and cytoplasmic factors that activate the magnetite formation. Although our study showed a possibility that MamA contributes to the stabilization of magnetosome chain (Fig. 6) , it is unclear how this stabilizing effect associates with magnetosome formation processes in vivo. Further studies on molecular assembly and function of MamA would expand our understanding of magnetosome formation.
It is now clear that bacteria are highly organized, possessing cytoskeletons, internal compartments, and carefully positioned macromolecular machines. To understand how they are organized and express their function, it is essential to unveil the ultrastructures under near-native conditions. Here, we visualized one of the most complex bacterial organelles, the magnetosome, in near-native conditions. To this end, AFM-based (39) . Escherichia coli strain BL21(DE3) (Novagen, Madison, WI) containing pET15b-mam22 (32) was used for overproduction of His-tagged MamA. E. coli was cultivated as described (13) .
Purification of recombinant His-MamA. His-MamA was purified as described (32) .
Purified His-MamA was subjected to gel filtration column chromatography (Sephacryl S-300, GE Healthcare, Wauwatosa, WI). The apparent molecular mass was calculated using a Gel Filtration Calibration Kit (GE Healthcare) as a standard.
Magnetosome preparation. Magnetosomes were purified as described (13) and used immediately or stored at 4˚C without freezing. Alkaline treatment of the purified magnetosomes with 0.1 M Caps-NaOH buffer (pH 11.0) was performed as described (13) . TEM observation of the purified magnetosomes was performed using a JEOL JEM Subsequently, the sample was incubated with anti-MamA rabbit polyclonal antibodies or pre-immuno serum as described (13) . After rinsing with PBS two times for 1 min each, the specimens were chemically fixed with 1 % glutaraldehyde for 3 min in PBS. To solubilize magnetosome-associated proteins, the magnetosomes purified from M. magnetotacticum MS-1 (~0.6 g, wet weight) were incubated with 10 ml of 10 mM Tris-HCl (pH 8.0) containing 2% sucrose monocaprate at 4°C for 16 h. Then, the suspension was centrifuged at 10,000 × g for 15 min at 4°C. After the resultant supernatant was dialyzed against the equilibration buffer, the protein solution (12 ml) was subjected to the His-MamA-column with a flow rate of 1 ml/hour. After that, the Immunoblotting analysis was performed as described (13) . 
